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FORWORD 
Th i s  i s  t h e  F ina l  Report on Contract  NAS8.-11158 prepared by  t h e  
Advanced Programs Divis ion of the  G. T. Sch j g l d a h l  Company, Nor th f i e ld ,  
Minnesota f o r  t h e  NASA George C. Marshall  Space F l i g h t  Center ,  Hunts- 
v i l l e  Alabama. Mr. James R .  Scoggkns, Deputy Chief o f  t he  Aerospace 
Environment O f f  i ce , Aer 0- A s  t rod yn ami  c s Lab0 r a t o r y  a t  NAS A/MSFC was 
t h e  con t r ac t  monitor.  A t '  the  Sch j e l d a h l  Company, C l in ton  V. Eckstrom 
was P ro jec t  Engineer;  Ronald Albrecht ,  Les Hamann and Gaylord Gi lbe r t son  
con t r ibu ted .  The meas'urements of drag  c o e f f i c i e n t s  and apparent mass 
were conducted under subcont rac t  a t  t h e  Univers i ty  o f  Minnesota by  
s t a f f  members of  t h e  Department of Aeronaut ics  and Engineering Mechanics 
and a group of  s t u d e n t s  of Aerospace Engineer ing with Messrs. Thomas 
C. Nei tz  and Robert A. Noreen being p a r t i c u l a r l y  ins t rumenta l .  
Th i s  con t r ac t  advanced t h e  Jimsphere concept from pro to type  models 
t o  product ion u n i t s  now being used r egu la r ly  f o r  i nveg t igq t ion  o f  wind 
cond i t ions  p r i o r  t o  missi le  launches,  space v e h i c l e  des ign ,  and genera l  
meteorological  s t u d i e s .  I n  add i t ion ,  a b e t t e r  understanding concerning 
t h e  dynamics of  ba l loon  motion was a t t a i n e d ,  r e s u l t i n g  i n  new equat ions  
of  motion f o r  the Jimsphere and new equat ions  f o r  t h e  de te rmina t ion  
o f  wind sens ing  e r r o r .  The Jimsphere was  proved t o  be an e x c e l l e n t  
wind sensor  with f l i g h t  c a p a b i l i t i e s  be l ieved  t o  meet NASA requirements .  
Th i s  program s t a r t e d  27 February 1964 and w a s  completed 1 June 1965. 
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ABSTRACT 
Jimsphere Wind Sensor bal loons 
33q7+ 
of 2-meter diameter having  va r ious  
s i z e s ,  shapes,  and quant i  t i e s  of roughness e lements  ( p r o j e c t i o n s )  
molded i n t o  t h e  ba l loon  ma te r i a l ,  have been f a b r i c a t e d  and f l i g h t  tes ted 
t o  determine t h e  optimum desjgn f o r  con t ro l  of f low s e p a r a t i o n  and 
s t a b i l i z a t i o n  of t h e  sphe re  yake. 
reaches  an a l t i t u d e  of approyimately 18 k i lome te r s  w i th in  one hour. 
Wind tunnel  tests have been Conducted t o  determiye t h e  drag  c o e f f i c i e n t  
of a model Jimsohere and f u l l - s c a l e  tests were conducted t o  determine 
t h e  apparent mass f a c t o r  f o r  the Jimsphere conf igu ra t ion .  A cons iderable  
discrepancy ' e x i s t s  between the  drag c o e f f i c i e n t s  determined from f l i g h t  
d a t a  and t h o s e  determined i n  the  wind tunnel .  No explana t ion  i s  given 
f o r  t h i s  d i f f e r e n c e .  
The Jimsphere wind sensing ba l loon  
Theore t ica l  i n v e s t i g a t i o n s  of t h e  Jimsphere 
have concerned development of the equat ions  of  motion which inc lude  
e f f e c t s  of apparent mass and wind a c c e l e r a t i o n s ,  determinat ion of  wind 
response c a p a b i l i t i e s  and wind g rad ien t  e r r o r  f a c t o r s  due t o  wind 
r e  spon s e  1 ag . 
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I .  INTRODUCTION 
A. General 
The Jimsphere Wind Sensor i s  a 2-meter diameter sphe r i ca l  
superpressure  ba l loon  w i t h  l a r g e  roughness elements ( p r o j e c t i o n s )  
randomly loca ted  on the  surface.  The p r o j e c t i o n s  s t a b i l i z e  t h e  
a i r f low over the  su r face  of t h e  sphere and con t ro l  f low sepa ra t ion  
on t h e  sphere during opera t ion  a t  s u p e r c r i t i c a l  Reynolds number 
condi t ions .  The Jimsphere Wind Sensor is used t o  measure small-  
s c a l e  wind motions i n  t h e  atmosphere between ground leve l  and 
approximately 18 k i lometers  a l t i t u d e .  P o s i t i o n  of t h e  Jimsphere 
during f l i g h t  is determined by t r ack ing  with an AN/FPS-16 or s i m i l a r  
r a d a r ,  and ba l loon  (wind) v e l o c i t i e s  a r e  determined from the  posi-  
t i o n  d a t a .  F l i g h t  t ime from ground launch t o  maximum a l t i t u d e  f o r  
t h e  Jimsphere i s  l e s s  than  one hour .  
B. Background 
The Jimsphere ba l loon  w a s  conceived by James  R .  Scoggins of 
t h e  NASA Marshall  Space Fl ight  Center t o  e l imina te  induced motions 
of  prev ious ly  used smooth-surf aced, 2-meter d iameter ,  superpressure  
sphe res  which opera ted  a t  s u p e r c r i t i c a l  Reynolds Numbers from ground 
l e v e l  t o  approximately 11 ki lometers  a l t i t u d e .  Induced motions 
were not  a problem a t  higher a l t i t u d e s  where t h e  2-meter diameter  
spheres  ope ra t e  a t  subcr  i t i c  a 1  Reynolds Numbers condi t ions .  
C. Engineering Developments and Theore t i ca l  S t u d i e s  -
Under t h i s  con t r ac t  engineering developments of t h e  Jimsphere 
bal loon have been: 
G. T. Schje ldahl  Company F ina l  Report -1- 
I 1. Fabr i ca t ion  o f  the roughness elements a s  i n t e g r a l  p a r t s  of  
t h e  Jimsphere bal loon.  
2. Determination of t h e  s i z e ,  shape and number o f  p r o j e c t i o n s  
necessary t o  provide aerodynamic s t a b i l i t y  a t  s u p e r c r i t i c a l  
Reynolds Number flow condi t ione .  
3 .  Determination o f t h e  drag  c o e f f i c i e n t  v s .  Reynolds number 
curve o f  a Jimsphere model by wind tunnel  t e s t .  
4.  Determination of t h e  apparent m a s s  f a c t o r s  for t h e  Jimsphere 
by  f u l l  s c a l e  t e s t s .  
Theore t i ca l  i n v e s t i g a t i o n s  o f  t h e  Jimsphere have included: 
1. Development of the equat ions  o f  motion inc luding  the  
e f f e c t s  of apparent mass and a c c e l e r a t i n g  winds. 
Der iva t ion  of  the  equat ion f o r  wind response e r r o r .  2 .  
3 .  Determination of the  c h a r a c t e r i s t i c  l a g  d i s t a n c e s ,  response 
l eng ths ,  and d i s t a n t  cons t an t s .  
4 .  Determination of t h e  d i f f e r e n c e  i n  Jimsphere v e l o c i t y  grad- 
i e n t  and wind g r a d i e n t s  (Wind Gradient  Error Fac to r s )  f o r  
s eve ra l  condi t ions  of a l t i t u d e ,  Jimsphere r i se - ra te ,  and 
wind g rad ien t  condi t ions .  
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11. DESIGN, FABRICATION AND TESTING OF VARIOUS JIMSPHERE CONFIGURATIONS - -
A.  Design Guide 
I n v e s t i g a t i o n s  by Scoggins (Reference 1) i n  June o f  1963 
revea led  t h a t  a 2-meter diameter superpressure  sphere  ope ra t ing  
a t  supe rc r i  t i c a l  Reynolds Number could be s t a b i l i z e d  by adding 
roughness e lements  t o  the  sur face  of the  bal loon.  Th i s  new con- 
f i g u r a t i o n  w a s  des igna ted  a s  a Jimsphere.  Fu l l - sca l e  experimental  
f l i g h t s  conducted by Scoggins (Reference 2) a t  Cape Kennedy i n  
August 1963, ind ic  a ted t h a t  t h e  roughness e lements  or p r o t r u s i o n s  
should be 3 t o  4 inches high and spaced approximately 6 t o  8 
inches  a p a r t .  Using t h i s  information a s  a guide i t  w a s  decided 
t o  i n v e s t i g a t e  roughness elements of s eve ra l  types  t o  e s t a b l i s h  
t h e  b e s t  Jimsphere conf igura t ion .  
B. Roughness Element Design 
Conical roughness element molds of v a r i o u s  h e i g h t s  and pro- 
po r t ions ,  a s  shown in  Figure 1 were machined of aluminum. In a l l  
cases  t h e  base  diameter of t h e  roughness elements a re  t h e  same a s  
t h e  he ight  of t h e  element.  Myla r  f i l m  w a s  then drape formed over  
elements of each type ,  and s m a l l  p i l lows ,  (shown i n  Figure 2 )  were 
f a b r i c a t e d  t o  eva lua te  t h e  i n f l a t e d  shape of the  formed roughness 
elements.  Shapes providing maximum c ross - sec t iona l  a r e a  and sharp  
contours  were sought . 
I n i t i a l l y ,  roughness elements were formed in  t h e  shape of 
t runca ted  cones two inches high with a base  diameter o f  two inches ,  
G. T. Schje ldahl  Company Fina l  Report -3- 
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I 
an upper diameter of one and one-quarter i nches ,  and a one-quarter  
inch r a d i u s  on t h e  upper edge of t h e  cone. It w a s  found t h a t  
t hese  p ro jec t ions  could b e  formed i n  Myla r  when placed as c l o s e  
toge ther  a s  s i x  i n c h e s  center  t o  cen te r .  
C. Jimsphere Model I d e n t i f i c a t i o n  -
To keep t r a c k  of  the  va r ious  Jimsphere conf igu ra t ions  f a b r i -  
ca ted ,  a model numbering s y s t e m  cons i s t ing  of a s e r i e s  of  numbers 
and a l e t t e r  w a s  used a s  shown. 
MODEL 2-6-504T (example) 
The f i r s t  number i n d i c a t e s  t h e  p r o j e c t i o n  he ight  i n  inches ,  t h e  
second number i n d i c a t e s  t h e  nominal spacing d i s t a n c e  i n  inches ,  
and the  t h i r d  s e r i e s  of numbers i n d i c a t e s  t h e  t o t a l  number of pro- 
j e c t i o n s  on t h e  sphere .  The l e t t e r  following the  numbers i n d i c a t e s  
t h e  shape of t h e  roughness element with T i n d i c a t i n g  a t runca ted  
cone and F i n d i c a t i n g  a f u l l  cone. 
D.  Gore Molds and Sphere Fabr i ca t ion  ---
Gore p a t t e r n  molds fo r  drape forming Myla r  f i l m  were f a b r i -  
ca ted  using the  two-inch high p r o j e c t i o n s  wi th  a shape a s  desc r ibed  
i n  Paragraph B. To provide a var iance  i n  degree of roughness,  
t h r e e  d i f f e r e n t  spacings of t he  p r o j e c t i o n s  were used s t a r t i n g  
w i t h  t h e  minimum p o s s i b l e  spacing.  The t o t a l  number of pro jec-  
t i o n s  per  sphere  f o r  each p ro jec t ion  spacing i s  l i s t e d  below. 
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PROJECTION SPACING 
(INCHES 1 
6 
8 
10 
TOTAL NUMBER OF PROJECTIONS 
SPHERE 
FCR A 2-METER DIAMETER 
504 
31 4 
194 
Mylar  is  drape  formed i n  the  fo l lowing  manner: 
1. S t r e t c h  the  Mylar  f i l m  over t he  mold. 
2. H e a t  the Mylar t o  near me l t ing  temperature.  (Temperature 
con t ro l  s e t  a t  580 F). 
3 .  Create  avacuum i n  the  a r e a  between t h e  Myla r  and t h e  mold 
sucking the  M y l a r  down onto t h e  mold. 
4.  Allow t h e  M y l a r  t o  cool  on the  mold. 
I n i t i a l l y  the  c a p a b i l i t y  ex i s t ed  t o  form h a l f  l ength  go res  only .  
A Jimsphere model 2-6-504T cons t ruc ted  us ing  half  gores  i s  shown 
i n  Figure 3. L a t e r  the Schje ldahl  Company drape  former s i z e  w a s  
increased  t o  allow forming of  f u l l  l ength  go res .  The d i s t r i b u t i o n  
of  ind iv idua l  molds w a s  then ad jus t ed ,  r e s u l t i n g  i n  an inc rease  
from 504 ,  t o  518 p r o j e c t i o n s  per sphere f o r  the  two-inch h igh  pro- 
j e c t i o n s  on s i x  inch spacings,  The new gore mold i s  shown i n  
Figure 4 .  
Jirnspheres with t h r e e  and f o u r  inch h igh  p ro jec t ions  were 
f a b r i c a t e d  and f l i g h t  t e s t e d  t o  provide d a t a  on t h e  e f f e c t s  of 
s i z e  and shape of roughness e lements .  Two d i f f e r e n t  shapes of 
roughness elements were used on Jimsphere models having three- inch  
h igh  p r o j e c t i o n s .  Jimsphere model 3-9-2561' used roughness elements 
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which were a d i r e c t  scale-up of  the two-inch h igh  t runca ted  cones 
( 3  inch he igh t ,  3 inch diameter base ,  upper diameter of 1 7/8 
inches  and a ,  3/8 inch r ad ius  on t h e  upper edge). 
f o r  t h i s  des ign  is shown i n  F igure  5 .  
The gore mold 
Jimsphere model 3-7.5-398F used a f u l l  cone type  p r o j e c t i o n  
having a he igh t  of 3 inches,  a basediameter  of 3 inches ,  and a 
1/4 inch r a d i u s  a t  t he  t i p .  
shown i n  Figure 6 and a f a b r i c a t e d  sphere i n  Figure 7.  One o f  
t h e  reasons f o r  changing the  p r o j e c t i o n  shape from t runca ted  cone 
t o  f u l l  cone w a s  t h a t  f u l l  cones could be formed i n  t h e  Mylar  a t  
much c l o s e r  spac ings ,  allowing many more p r o j e c t i o n s  per Jimsphere.  
P ro jec t ion  spacing w a s  p a r t i c u l a r l y  c r i t i c a l  on t h e  Jimsphere hav- 
ing  four- inch high p r o j e c t i o n s ,  a s  t he  requi red  spacing f o r  t run-  
ca ted  cones would have been 13 inches  whereas t h e  f u l l  cones were 
spaced a t  8 inches .  The Jimsphere Model 4-8-2901: used a four -  
inch high p r o j e c t i o n  which w a s  a d i r e c t  scale-up of t h e  three- inch 
high f u l l  cone. The gore mold f o r  t h e  Jimsphere Model 4-8-290F 
is  shown i n  Figure 8. 
The gore mold f o r  t h i s  des ign  is 
E. F l igh t  Tes t ing  
Twe spheres each o f  Models 2-10-194Tj 2-8-314T: and 2-6-504T 
were f a b r i c a t e d  and f l i g h t  t e s t e d  i n  Apri l  and May 1964 from Cape 
Kennedy, F lo r ida .  V i s u a l  observa t ions  of t h e  f l i g h t s  i nd ica t ed  
t h a t  bal loon motions decreased a s  the degree o f  s u r f a c e  roughness 
increased .  Radar t r a c k  data  a s  presented i n  Figure 9 confirmed 
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t h e  v i s u a l  observa t ions .  
F l i g h t  t e s t i n g  of Jimsphere Models 3-9-256T, 2-7.5-398F, and 
4-8-290F w a s  completed i n  June of 1964. 
was h e l d  i n  J u l y  and Jimsphere conf igu ra t ions  3-7.5-39813: and 4-8-290F 
were s e l e c t e d  f o r  f u r t h e r  study. 
movies by Marshall  Space F l igh t  Center personnel  r e s u l t e d  i n  t h e  
observa t ion  t h a t  ho r i zon ta l  displacements  pf  t h e  ba l loon  were 
assoc ia ted  with a r o t a t i o n  of t he  sphere.  The observa t ions  in-  
d i ca t ed  t h a t  t h e  sphere r o l l e d  i n  t h e  d i r e c t i o n  o f  h o r i z o n t a l  
movement. Fur ther  f l i g h t  t e s t s  were proposed us ing  100 gram and 
200 gram b a l l a s t  weights  a t tached t o ,  or l o c a t e d  i n ,  t h e  ba l loon  
hold down pa tch .  Three Jimspheres each of Models 3-7.5-398F 
and 4-8-290F were f a b r i c a t e d  and f l i g h t  t e s t e d  i n  August and 
September 1964 t o  determine t h e  e f f e c t s  of b a l l a s t  weights .  In 
add i t ion  some modified Jimspheres were b u i l t  and flown a s  re- 
ported i n  Appendix C. 
An eva lua t ion  meeting 
A study of Jimsphere f l i g h t  t e s t  
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111. SELECTED JIMSPHERE DESIGN 
A. Deta i l ed  Descr ip t ion  
The Jimsphere conf igura t ion  shown i n  F igure  10 which i s  des igna ted  
a s  Model 3-7.5-398F has  been s e l e c t e d  a s  t h e  optimum des ign  of those 
tes ted.  
The Jimsphere wind sens ing  ba l loon  Model 3-7.5-398F is a 2-meter 
diameter sphere wi th  398 conical  roughness e lements  formed i n t o  1/2 
m i l  metal ized Mylar used a s  t h e  f a b r i c a t i o n  ma te r i a l .  The sphere i s  
cons t ruc ted  of 12 gores  and two end caps.  S i x  gores ,  spaced a l t e r n a t e l y ,  
have 32 p r o j e c t i o n s  each and 34 p r o j e c t i o n s  a r e  loca t ed  i n  each of 
t h e  remaining s i x  gores ,  One p r o j e c t i o n  is loca ted  i n e a c h  of t he  end 
caps. The p r o j e c t i o n s  are  f u l l  cones t h r e e  (3) inches high,  approx- 
imately t h r e e  (3) inches i n  diameter a t  t h e  base and spaced approx- 
imately 7.5 inches  apa r t .  
The Jimspheres have a l igh tweight  p l a s t i c  i n f l a t i o n  va lve ,  
(See F igure  111, one-half inch i n  diameter and approximately one 
inch long. The i n f l a t i o n  valve has  a nylon d i f f u s e r  bag and a snap- 
on c l o s u r e  cap. Two l ightweight  p l a s t i c  p re s su re  re l ie f  va lves ,  
sp r ing  loaded t o  provide 5 mb supe rp res su re  a r e  loca t ed  one each 
near t h e  po la r  caps. A nylon load  patch used t o  hold t h e  ba l loon  
during i n f l a t i o n  i s  loca ted  near  t h e  i n f l a t i o n  valve.  A 100 gram 
b a l l a s t  weight used for s t a b i l i z a t i o n  purposes is loca ted  i n  t h e  hold 
down patch. The average weight with b a l l a s t  o f  200 Jimspheres f a b r i -  
ca ted  under Contract  NAS8-13697 is 407.9 grams wi th  s tandard  d e v i a t i o n  
of 3.9 grams. 
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A t y p i c a l  wind p r o f i l e  measurement made by t r ack ing  a Jimsphere 
Model 3-7.5-398F wi th  t h e  ANJFPS-16 r a d a r  and analyzing t h e  d a t a  by 
t h e  methods ou t l ined  i n  Reference 3 is presented i n  Figure 12. 
B. Rise R a t e  C h a r a c t e r i s t i c s  --
D a t a  from t e n  Jimsphere f l i g h t s  conducted i n  December 1964 have 
been eva lua ted  t o  determine average r i se  r a t e s  a s  a f u n c t i o n  of a l t i -  
tude f o r  t he  Jimsphere Model 3-7.5-398F. Rate o f  r i s e  va lues  were 
obta ined  from ANIFPS-16 radar  t r ack  d a t a  which is presented  i n  Appendix A. 
The average rise r a t e  f o r  t h e  t e n  f l i g h t s  is shown i n  F igure  13  
along wi th  t h e  maximum and minimum average va lues  from i n d i v i d u a l  
f l i g h t s .  A l l  d a t a  which ind ica ted  a s i g n i f i c a n t  l o c a l  d e v i a t i o n  from 
normal were not  used. 
C. Coe f f i c i en t  of Drag f rom F l i g h t  Data 
Drag c o e f f i c i e n t  values  f o r  t he  Jimsphere based on t h e  above 
- - -
mentioned f l i g h t  da t a  are presented i n  Figure 14 a s  a func t ion  of  
Reynolds number. Calcu la t ions  o f  the  Drag C o e f f i c i e n t s  were based 
on : 
i .  
2. 
3. 
4. 
The average values  o f  r i s e  r a t e s  from Figure  13. 
A Jimsphere weight of 407.9 grams (average weight of 
200 u n i t s  produced on Contract  NAS8-13697). 
Atmospheric d a t a  f o r  t h e  month of December from 
Reference 4. 
Values of ba l loon  buoyancy based on use of  helium i n f l a t i o n  
gas  a t  5 mb superpressure.  
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The d r a g  c o e f f i c i e n t  values  a s  determined from f l i g h t  d a t a  
a r e  considerably g r e a t e r  than the  va lues  of d rag  c o e f f i c i e n t  
determined by t e s t i n g  a model i n  a wind tunnel  ( see  Sec t ion  IV). 
No s p e c i f i c  reason f o r  t h i s  v a r i a t i o n  i n  d rag  c o e f f i c i e n t  can be 
given a t  t h i s  t ime,  however the  same cond i t ion  w a s  known t o  e x i s t  
f o r  the  2-meter diameter smooth spheres  (Reference 5 ) .  MacReady 
and Jex  (Reference 6 )  i n d i c a t e  tha t  v a r i a t i o n s  i n  drag  can b e  
expected with v a r i a t i o n s  i n  Re la t ive  Mass o f  the  sphere t o  t h e  
f l u i d  i t  d i s p l a c e s .  
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I V .  DERIVATION OF T H E  EQUATION OF MOTION FOR J I M S P H E R E  WIND SENSOR 
The movement of an ascending bal loon i s  governed by the  equat ion 
-- - - -
of motion which may be w r i t t e n  symbolically a s :  
where 
m = m a s s  of ba l loon  including accesso r i e s  
mG = m a s s  o f  included g a s  
VB = v e l o c i t y  of bal loon 
ZF = sum of a l l  ex t e rna l  f o r c e s  ac t ing  on t h e  
S 
- 
b a 1  loon. 
The phys ica l  condi t ions  a r e  somewhat complicated when such a 
r i s i n g  bal loon e n t e r s  a wind shear  l a y e r ,  schemat ica l ly  shown i n  
Figure 15. In  p a r t i c u l a r ,  t h ree  s i g n i f i c a n t  v e l p c i t i e s  may b e  
i d e n t i f i e d ;  namely, the ve loc i ty  of t h e  ba l loon  vB2 t h e  v e l o c i t y  of 
t he  a i r  Vw, and the  r e l a t i v e  ve loc i ty  between the  ba l loon  and t h e  
surrounding a i r ,  VR. 
- 
- 
Choosing 2 a s  the  v e r t i c a l  and X a s  t h e  h o r i z o n t a l  d i r e c t i o n  
of movement, r e s t r i c t s  the  motion o f  the ba l loon  t o  t h e  X-2 plane.  
The ve loc i ty  of t h e  wind h a s  then merely an X-component whi le  
t h e  ba l loon  v e l o c i t y  has  X and 2 components a s  Schematical ly  shown 
i n  Figure 16.  One may w r i t e :  
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The ve loc i ty  of t h e  ba l loon  w i t h  r e spec t  t o  the  surrounding a i r  i s  
then 
n h - - V  ) i - V k  
xB zB 'R - "XW 
( 4 )  
The ex te rna l  f o r c e s  a c t i n g  on t h e  bal loon a r e  t h e  aerodynamic d rag ,  
g r a v i t y ,  buoyancy, and t h e  apparent mass e f f e c t .  Mathematically,  t h e s e  
may b e  expressed r e s p e c t i v e l y  as: 
The aerodynamic drag  i s  expressed i n  conventional terms as 
P A b = CDTVR2S v 
where 
- 
4 
v = YR/ \VRI , t h e  u n i t  vec tor  i n  the  d i r e c t i o n  of t h e  r e l a t i v e  
v e l o c i t y  . 
fi 
El imina t ing  v from Eqn 6 ,  one ob ta ins  
In  v i e w  of Eqn (41 ,  Eqn. (7) becomes: 
The g rav i ty  f o r c e  is g iven  by: 
The buoyancy f o r c e  i s  given by  the  weight of a i r  d i sp l aced  
by t h e  ba l loon ,  thus :  
- h 
B = Pg VOL. 11 
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where 
VOL = volume of ba l loon  
g = a c c e l e r a t i o n  of g rav i ty .  
The e f f e c t  of the apparent m a s s  a c t s  a s  a f r e e  f o r c e  upon t h e  
o b j e c t  and i s  the  r e s u l t  of the  time r a t e  of  change of t h e  momentum 
of t h e  surrounding f low f i e l d .  In  t h i s  case,  one ob ta ins  
S ince  it was pos tu la ted  t h a t  t h e  ba l loon  does not  accexera te  
v e r t i c a l l y ,  t h i s  equat ion reduces t o :  
Thus, t he  e f f e c t  of t h e  apparent m a s s  is  p resen t  i n  the h o r i z o n t a l  
d i r e c t i o n  only .  
We can now w r i t e  t he  summation of f o r c e s  on t h e  ba l loon  
-t _- 
S u b s t i t u t i n g  t h i s  r e l a t i o n  and Eqn. 3 i n t o  Eqn. 1, y i e l d s  
f i  A 
-(m +mG)gk + pg V0L.K 
S 
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o r ,  i n  terms of t h e  h o r i z o n t a l  and v e r t i c a l  component d i r e c t i o n s ,  
re  spec t i v e l  y : 
and 
(ms+m )V '  = -cI.Fj- v R sv ZB - 
'B 
(m +mG)g + Pg VOL. = 0 
S 
(16 1 
Equation 14  r e p r e s e n t s  t h e  genera l  equa t ion  of motion of a r i s i n g  
The p h y s i c a l  aqaning of t h i s  equat ion  s h a l l  now be d iscussed  bal loon.  
i n  view of t h e  ba l loon  rise r a t e  and wind shea r  cond t i o n s  shown 
i n  F igure  15.  
,f 
As i l l u s t r a t e d ,  the  wind ve loc i ty  i n c r e a s e s  between ho and hl,  
wh i l e  the ba l loon  ve loc i ty  a l s o  i n c r e a s e s ,  but  because of the  necessary 
a c c e l e r a t i o n  always remains s m a l l e r  t h a n  the wind ve loc i ty  . Therefore ,  
i n  t h i s  a l t i t u d e  reg ion ,  one may w r i t e :  
v 7 v x  
'W B 
and a l s o  i n  genera l  
ir >tx 
% B  
(17) 
(1%) 
A t  t h e  a l t i t u d e  hl, the  wind ve loc i ty  begins  t o  decrease  a t  a 
cons tan t  r a t e  and i t s  time r a t e  of change a s  experienced from t h e  
r i s i n g  bal loon becomes negat ive.  However, over  a c e r t a i n  d i s t a n c e ,  
t h e  wind cont inues  t o  move f a s t e r  than t h e  ba l loon  u n t i l  t h e  r e l a t i v e  
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ve loc i ty  between t h e  ba l loon  and wind approaches ze ro  towards the  
a l t i t u d e  h2. 
Therefore ,  one observes  tha t  f o r  the  r eg ion  of  h l < h < h 2 ?  t h e  wind 
v e l o c i t y  is higher  than  the  ba l loon  v e l o c i t y  while f o r  t h e  same reg ion  
of Vx > V  t h e  r a t e  of change of t h e  wind i s  s t r o n g e r  than t h a t  of 
W xB9 
t h e  balloon; and one may w r i t e  < ex a 
B 
F i n a l l y  one observes  t h a t  the bal loon is  a s  f a s t  a s  t h e  wind a t  
= vxB' the  a l t i t u d e  where h = hZ9 and one ob ta ins  V 
Af te r  t h e  ba l loon  passes  h i t s  v e l o c i t y  becomes g r e a t e r  than 2 9  
t h e  wind v e l o c i t y  and t h e  bal loon d e c e l e r a t e s  a t  l e a s t  f o r  a p a r t  of 
t h e  t r a j e c t o r y  a t  a slower r a t e  than t h e  time r a t e  of  change of t h e  
wind. Therefore ,  t h e  r a t e  o f  change o f  wind v e l o c i t y  i n  t h i s  reg ion  
is a l s o  s t ronge r  nega t ive  than t h a t  of t he  ba l loon  and one observes  
for h2 < h 4 h3 t h a t  
and a l s o  
i 4 ix (20 1 
xW B 
These changes of flow p a t t e r n s  and the  r e l a t e d  consequences are 
schemat ica l ly  shown i n  F igures  17 and 18, 
In view of t h e  above explana t ions  i t  can b e  seen t h a t  the aero- 
dynamic drag  and t h e  e f f e c t s  of apparent m a s s  may a c c e l e r a t e  o r  de- 
c e l e r a t e  t h e  ba l loon ,  depending on t h e  p a r t i c u l a r  zone of the wind 
shear  l a y e r .  D e t a i l s  of t hese  e f f e c t s  a r e  schemat ica l ly  shown i n  
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Table I ,  and these  condit ions  w i l l  have to be considered in  c a l c u l a -  
c 
7 0  7 0  Accelerating Accelerating b,7 h 1 
$ 1 2  h2 
t 
7 0  L O  Accelerating Decelerating 
I 
t i o n s  o f  the b a l l o o n ’ s  f l i g h t  path and its  wind response error.  
TABLE 1 
ACTION OF AERODYNAMIC DRAG AND EFFECT 
OF APPARENT MASS UPON A RISING BALLOON 
I N  A WIND SHEAR LAYER 
+x - i;( AERODYNAMIC EFFECT OF 
W B DRAG APPARENT MASS 
REGION 
0 ( 0  0 Decelerating 
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V. JIMSPHERE WIND TUNNEL DRAG COEFFICIENT MEASUREMENTS - -
A.  Procedure 
Wind tunnel  s t u d i e s  t o  determine t h e  d r a g  c o e f f i c i e n t  
o f  a 3-7.5-398F gimsphere for var ious  Reynolds numbers were 
conducted i n  t h e  subsonic  wind tunnel  of  t h e  Universi ty  o f  
Minnesota. I d e n t i c a l  experiments were made on a smooth sphere 
i n  o r d e r  t o  compare the r e s p e c t i v e  d rag  c o e f f i c i e n t s .  
Figure 1 9  shows t h e  5-inch diameter Jimsphere model i n  t h e  
The drag measuring wind tunne l ,  suspended b y  means o f  a s t i n g .  
element was mounted between t h e  v e r t i c a l  s t r u t  and the  s t i n g .  
It cons i s t ed  of  a s tandard s t r a i n  gage b r idge  c i r c u i t  glued t o  
e l a s t i c  c a n t i l e v e r  beams. The amplif ied output  of  the  d rag  
element was recorded  on a Honeywell Vis icorder .  The Reynolds 
number of t h e  experiments was va r i ed  from 70,000 t o  400,000 
by changing the  ve loc i ty .  
B. Models 
Two 5-inch diameter  h a r d  rubber spheres  were used a s  models 
i n  t h e  drag  c o e f f i c i e n t  s tud ie s .  Both spheres  had 1/2-inch 
threaded ho le s  f o r  s t i n g  attachment.  One sphere  remained smooth, 
t h e  o ther  was used for  the s c a l e  model of a 3-7.5-398F Jimsphere 
(Figure 20). In  cons t ruc t ing  t h e  Jimsphere model, s c a l e  gore 
p a t t e r n s  showing t h e  p o s i t i o n  of t h e  p r o j e c t i o n s  were made, and 
f a s t ened  t o  t h e  sphere .  The sphere w a s  then mounted i n  an index- 
ing  j i g  o f  a v e r t i c a l  mi l l i ng  machine with a r o t a t i n g  head. 
s e t t i n g  the  head o f  t h e  mi l l i ng  machine t o  t h e  ca l cu la t ed  angle  
Then, 
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between an ind iv idua l  p ro jec t ion  and t h e  s t i n g  a x i s  of t h e  sphere ,  
t h e  ho le s  f o r  t h e  p ro jec t ions  were d r i l l e d .  The con ica l  pro jec-  
t i o n s  were machined from 3/16-inch diameter b r a s s  rod ,  and i n s e r t e d  
i n  the p rev ious ly  d r i l l e d  ho le s  on t h e  sphere .  
C. Resu l t s  
The drag  c o e f f i c i e n t s  of  t h e  3-7.5-398F Jimsphere and t h e  
smooth sphere are p l o t t e d  versus  Reynolds number i n  Figure 21. 
The sphere  drag  c o e f f i c i e n t s  have been co r rec t ed  f o r  wind tunnel  
tu rbulence  (Reference 10); no c o r r e c t i o n  w a s  used f o r  t he  Jimsphere 
drag  c o e f f i c i e n t s .  It is  ev ident  t h a t  w i t h i n  the  Reynolds number 
range (100,000 t o  500,000) t h e  d r a g  c o e f f i c i e n t  of t h e  Jimsphere 
changes very l i t t l e ,  while t h e  smooth sphere has  the  c h a r a c t e r i s -  
t i c  v a r i a t i o n  of drag  c o e f f i c i e n t .  The wind tunnel measurements 
i n d i c a t e  t h a t  the  drag c o e f f i c i e n t  of a Jimsphere i s  r e l a t i v e l y  
i n s m s i t i v e  t o  Reynolds number changes i n  t h e  range where a smooth 
sphere has  t h e  c l a s s i c a l  va r i a t ion .  The d r a g  c o e f f i c i e n t  of t h e  
Jimsphere is  somewhat smaller than the  d r a g  c o e f f i c i e n t  of t he  
smooth sphe re  i n  the  s u b c r i t i c a l  Reynolds number region.  
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V I .  JIMSPHERE APPARENT MASS TESTS --
A. Procedure 
The equat ion of motion o f  a ba l loon  r i s i n g  through a wind 
shear  i nc ludes  terms represent ing  t h e  e f f e c t  of t h e  apparent m a s s  
of t h e  ba l loon .  Theore t ica l  and experimental  va lues  of  apparent 
m a s s  for smooth spheres  a re  a v a i l a b l e  but  t h e  apparent  m a s s  o f  
a roughened sphere such a s  t h e  Jimsphere had no t  h e r e t o f o r e  been 
determined. Therefore ,  experiments were made a t  the  Univers i ty  
of  Minnesota, with t h e  o b j e c t i v e  t o  determine c h a r a c t e r i s t i c  va lues  
r ep resen t ing  the  apparent mass of t h e  3-7.5-398F and 4-8-290F 
Jimsphere ba l loons .  
Two f u l l - s i z e  Jimsphere ba l loons  were t e s t e d  us ing  the  
procedure i l l u s t r a t e d  i n  Figure 22, which has  been used previous ly  
f o r  smooth sphe r i ca l  bal loons (Reference 7)  and parachutes .  
The ba l loons ,  equipped wi th  an  accelerometer ,  were dropped 
from a he ight  of about 25 f t .  , and a known weight suspended 
beneath t h e  ba l loon ,  t he  l o s t  weight ,  WL, w a s  allowed t o  s t r i k e  
t h e  f l o o r .  
j u s t  a f t e r  impact of t h e  l o s t  weight,  t he  ba l loon  dece le ra t ion  
becomes merely a func t ion  o f  the change of m a s s  of t h e  system. 
S ince  t h e  drag on the  ba l loon  remains nea r ly  cons tan t  
However, i n  most cases t h e  bal loon system d i d  no t  f u l l y  
achieve a s t e a d y  s t a t e  condi t ion be fo re  impact, Therefore ,  t h e  
a c c e l e r a t i o n  j u s t  p r i o r  t o  impact a l so  had t o  b e  considered. 
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I FIG 22 FORCES ACTING ON THE EXPERIMENTAL 
SYSTEM DURING DESCENT -35- 
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The equat ion of  motion of the ba l loon  sys tem before  the  l o s t  
weight s t r i kes  the  
W R + W L - B - D =  (1 1 
After  impact, t h e  equat ion o f  motion is: 
WR + W' 
wR - B - D = (  ) a  (2) 
i n  which W and W represent  "Lost" and "Remaining" weight,  
r e spec t ive ly ,  while  "a" r ep resen t s  a c c e l e r a t i o n ,  W' apparent 
m a s s ,  and B and D bouyancy and drag.  
and n = a/g, and agsuming t h a t  the drag  remains cons tan t  j u s t  
before  and j u s t  a f t e r  impact, Equations 1 and 2 can b e  combined 
and rear ranged  t o  y i e l d :  
L R 
With t h e  n o t a t i o n s  no = ao/g 
The a c c e l e r a t i o n s  n and n were obtained from the accelerometer 
mounted on t h e  ba l loon .  
using t h e  s t a t i c  weight of t h e  bal loon sys t em and t h e  bouyancy, 
0 
The remaining weight ,  W R Y  was d t te rmined  
WR = Wn - WL + B ( 4 )  
In  o r d e r  t o  ob ta in  t h e  bouyancy using 
B = p g VOL. ( 5  1 
t h e  volume of  each ba l loon  was determined by measuring the  t i m e  
needed to  f i l l  the  bal loon from a r egu la t ed  a i r  supply.  Atmospher- 
i c  p re s su re  and temperature were measured dur ing  t h e  t e s t s  so t h e  
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atmospheric dens i ty  could be c a l c u l a t e d  from t h e  p e r f e c t  gas  law. 
B. Models 
The experimental  system f o r  apparent m a s s  measurements con- 
s i s t e d  of a bal loon,  bal loon r i g g i n g  and accelerometer ,  and d a t a  
record ing  equipment. 
1. Balloons 
Four he l ium-f i l led  Jimsphere ba l loons  were used i n  the  
apparent m a s s  s t u d i e s .  Two ba l loons  were 3-7.5-398F 
Jimsphercs and two were 4-8-290F J imspheres  (Figure 23). 
A l l  were cons t ruc t ed  of 1/2 m i l  Mylar with 1 2  gores ,  and 
the  b a s i c  spheres  were about 2 me te r s  i n  d iameter .  The 
bal loon systems without the  l o s t  weight,  WL, had a ne t  l i f t  
of  about 2 l b s . ,  and a l o s t  weight of  about 3 l b s .  w a s  used. 
3. Balloon Rigging and Accelerometer 
S ince  the Jimsphere ba l loons  had s k i n  th i cknesses  
only 1/8 t h a t  of  t h e  sphe r i ca l  ba l loons  prev ious ly  t e s t e d ,  
t h e  v i b r a t i o n  o f  t h e  s p h e r i c a l  bod ie s  which were recorded 
by t h e  accelerometer and which a r e  generated due t o  t h e  
i q a c t  of the l o s t  weight; w a s  cons iderably  increased .  
To reduce t h i s  v ib ra t ion  var ious arrangements and numbers 
of suspension l i n e s ,  with d i f f e r e n t  damping systems between 
t h e  ba l loon  and t h e  accelerometer ,  were t r i e d ,  bu t  wi th  
l i t t l e  success .  The b e s t  suspension sys t em w a s  t h a t  used 
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i n  t h e  prev ious  t e s t s  (Reference 7). 
The bal loon r igging system cons i s t ed  o f  t h r e e  
0.017-inch s t e e l  cables ,  equa l ly  spaced over  t h e  ba l loon  
su r face ,  f a s t ened  together  a t  the t o p  and meeting a t  a 
confluence poin t  below the  ba l loon .  This  l i n e  sys t em c a r r i e d  
t h e  l o s t  weight.  
A Statham accelerometer wi th  a range of  + 3 g ' s  w a s  
used t o  measure the a c c e l e r a t i o n s  of  t he  ba l loon  s y s t e m .  
- 
The accelerometer w a s  f a s t ened  t o  an aluminum p l a t e  of 
14-inch diameter ,  sphe r i ca l ly  curved and a t tached  t o  t h e  
base  of t h e  bal loon .  
3. Data Recording 
The amplif ied accelerometer output  w a s  recorded 
on a Honeywell Visicorder .  A t r a c i n g  of a record ing  of a 
t y p i c a l  experiment i s  shown i n  Figure 24. The v i b r a t i o n  of  
t h e  accelerometer both be fo re  and a f t e r  t h e  impact o f  t h e  
l o s t  weight has  been averaged out  i n  t h e  d a t a  reduct ion  
process .  
C. R e s u l t s  
Each of t he  Jimsphere models w a s  t e s t e d  approximately 30 
t imes in  o rde r  t o  s t a t i s t i c a l l y  minimize i n d i v i d u a l  e r r o r s  i n  
measuring ba l loon  s y s t e m  acce le ra t ions .  Histograms o f  t h e  
apparent m a s s  f a c t o r  , K ,  (K  = m'/B) f o r  3-7.5-398F and 
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4-8-290F Jimspheres a r e  shown i n  F igures  25 and 26, r e s p e c t i v e l y .  
These histograms show t h a t  n e i t h e r  d i s t r i b u t i o n  i s  normal 
and hence the  a r i t hme t i c  average is  no t  n e c e s s a r i l y  the  most 
probableva lue  of K .  
c lude the  most probable values  of K i n  t h e  drop t e s t s ,  t h e  range 
of v a r i a t i o n  i n  K is obtained.  These va lues  f o r  t h e  two Jimsphere 
models a r e :  
By forming upper and lower bounds t h a t  i n -  
JimsDhere Model 
3-7.5-398F 
4 -8 - 2 90 F 
Average K 
0.51 
0.59 
Range of Probable  
Values f o r  K 
0 .46 < K < 0 . 5 8  
0.54 6 K < 0 .64  
T h i s  v a r i a t i o n  i n  the  va lue  of K is cons iderably  g r e a t e r  
than  t h e  experimental  e r r o r  involved  i n  t h e  t e s t  program. Also,  
t h e  l a r g e r  number of d a t a  po in t s  on e i t h e r  s i d e  of t h e  average 
K va lue  sugges ts  t h a t  t h e  apparent  mass may not be s ing le-va lued ,  
b u t  r a t h e r  a mult i -valued func t ion  somewhat dependent upon wake 
forma t i o n ,  tu rbulence  l e v e l ,  and phys ica l  c h a r a c t e r i s t i c s  o f  t h e  
ba l loon .  The Reynolds number a t  which t h e s e  va lues  were obtained 
amounts t o  approximately Re = 300,000. 
The v a l u e s  of K = 0.51 and 0.59 are suggested t o  be considered 
a s  average and c h a r a c t e r i s t i c  va lues .  
It is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  apparent m a s s  of t h e  
Jimsphere with fewer but  l a r g e r  cones i s  h ighe r  than  t h a t  o f  t h e  
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sphere with smaller cones.  Furthermore, i t  appears that  t h e  
apparent m a s s  of the  Jimsphere i s ,  i n  general ,  s l i g h t l y  h igher  
than t h e  apparent mass of a conkparable smooth sphere. 
I 
I 
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V I I .  WIND RESPONSE CAPABILITIES CF THE JIMSPHERE --
Wind Response Error  A @  - -
The wind response c a p a b i l i t i e s  of  t h e  Jimsphere can b e s t  be 
presented by i n d i c a t i n g  the  magnitude of t he  wind response e r r o r  
or  v e l o c i t y  l a g  ( V  - V ) of the  Jimsphere f o r  any g iven  wind 
g rad ien t  condi t ion .  The magnitude o f  t h e  wind response error 
'w 'B 
(Vxw - V ) for  a wind gradien t  cond i t ion  can be determined from a 
s o l u t i o n  of t h e  equat ions  of motion f o r  t he  Jimsphere based on t h e  
*B 
fo l lowing  assumptions: 
1. The wind g r a d i e n t  is constant  over t he  a l t i t u d e  i n t e r v a l  
under consider  a t i on. 
2. The wind gradien t  is not  of such magnitude t o  cause a change 
i n  the  ba l loon  r i s e  r a t e  ( as= 0.28 per second o r  less) 
-I 
(Reference 8: ). 
The equat ions  of motion a s  presented i n  the  previous s e c t i o n  a r e :  
X (ho r i zon ta l )  
Z ( v e r t i c a l )  
Baaed G I ~  asslimption 2, 
= 0, and equat ion  ( 2 )  can b e  rearranged t o  
p g  VOL - (ms+mG> g 
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For constant  wind g rad ien t s  
and Vx = + &(h - ho)  
W 
I n  add i t ion  
and so lv ing  the  r e s u l t i n g  d i f f e r e n t i a l  equat ion  ( d e t a i l e d  d e r i v a t i o n  
presented i n  Appendix B )  we f ind  t h a t  t h e  wind response e r r o r  is 
Where L = Lag d i s t a n c e  
and R = Response length  
It should be noted t h a t  t h e  l a g  d i s t a n c e  (L) is not  a f u n c t i o n  of 
t he  ba l loon  apparent  m a s s  whereas t h e  response length  ( R )  is  a 
func t ion  of apparent  m a s s  e f f e c t s .  I n  a d d i t i o n  the  e f f e c t s  of  apparent  
m a s s  reduce t h e  v e l o c i t y  l a g  (VX 
t o  t h e  wind g rad ien t  condition. An i l l u s t r a t i o n  of l ag  d i s t a n c e  (L) 
- V dur ing  t h e  per iod of  response 
'B 
and response length  (R) is  given i n  F i g w e  27- 
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B. 
wind 
Lag Distance 
The l ag  d i s t a n c e  (L) i s  a c h a r a c t e r i s t i c  c o e f f i c i e n t  of a 
sensor ,  having t h e  dimensions o f  l e n g t h ,  which d e f i n e s  
t h e  c a p a b i l i t y  of t he  sensor  t o  i n d i c a t e  changing wind ve loc i -  
t i e s .  The shor t e r  t he  l a g  d i s t a n c e  (L) the  b e t t e r  t h e  wind 
sensor  i n d i c a t e s  a c t u a l  wind v e l o c i t i e s .  The v e l o c i t y  l a g  
(Vxw - V 
t h e  wind gradien t  ((I) and t h e  l a g  d i s t a n c e  (L) .  
of t h e  sensor  is p ropor t iona l  t o  t h e  product of 
*B 
The r a t i o  o f  t he  m a s s  d i sp l aced  by t h e  ba l loon  t o  t h e  m a s s  
of the  ba l loon  system can be s p e c i f i e d  a s  a m a s s  r a t i o  (p) a s  
def ined  by equat ion  (10). 
= p VOL (Displaced Mass)  
cL rn +mG (Displacement Mass)  
S 
S u b s t i t u t i n g  equat ion (.lo) i n t o  equat ion ( 8 )  , r e s u l t s  i n  
a p re sen ta t ion  of t he  l a g  d i s t a n c e  (L) a s  a func t ion  of  mass 
r a t i o  (p), r i se  r a t e  ( V  1, and t h e  g r a v i t a t i o n a l  cons tan t  (g )  
ZB 
(Reference 9) a s  shown i n  equat ion (11). 
If is assumed t h a t  ho r i zon ta l  ve loc i ty  e r r o r s  (Vx / J X )  B 
a r e  s m a l l  i n  r e l a t i o n  t o  t h e  v e r t i c a l  r i s e  r a t e  ( V Z  ) then  equa- B 
t i o n  ( 3 )  can be r e w r i t t e n  a s  
2 
pg VOL - (m,+mG)g = c,+~s vZB 
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S u b s t i t u t i n g  equat ion (12) i n t o  equat ion  (8 )  and r e l a t i n g  
sphere volume (VOL) and cross  s e c t i o n a l  area (SI w e  have t h e  
l a g  d i s t a n c e  (L)  a s  a func t ion  o f  ba l loon  diameter  ( D i a . ) ,  d rag  
c o e f f i c i e n t  (CD>, r i s e  r a t e  ( V  1, and t h e  g r a v i t a t i o n a l  cons tan t  
zB 
(g )  (Reference 9) a s  shown i n  equat ion  (13) .  
2 
zB 
V 
- -  4 ( D i a . 1  
cD g L =  
(13)  
The l a g  d i s t a n c e  (L) of  t h e  Jimsphere a t  v a r i o u s  a l t i t u d e s  
i s  presented in  Figure 28 as a f u n c t i o n  of m a s s  r a t i o  (p) and i n  
Figure 29 a s  a f u n c t i o n  of d iameter  (Dia.)  and drag  c o e f f i c i e n t  
(C,). In  both F igures  28 and 29 t h e  average Jimsphere r i s e  r a t e  
as determined from ana lys i s  o f  f l i g h t  t e s t s  and presented  i n  
Figure 13 w a s  used i n  determining l a g  d i s t a n c e s  (L). 
i n  t h e  shape of t h e  l a g  d i s t ance  (L) curve a t  h igher  a l t i t u d e s  
i s  a t t r i b u t e d  t o  the  f a c t  t ha t  t h e  v e r t i c a l  ve loc i ty  dec reases  
r ap id ly  a f t e r  16,000 meters a l t i t u d e  and t h e  Drag Coef f i c i en t  i s  
inc reas ing .  
The change 
“S - “B)’ can  
The maximum v e l o c i t y  l a g  of t h e  Jimsphere,  
be found by mul t ip ly ing  the J imsphere l a g  d i s t a n c e  (L) by t h e  
wind g rad ien t  (a). Figure 30 presents the v e l o c i t y  l a g  of  t h e  
Jimsphere a s  a f u n c t i o n  of wind g rad ien t  (a) f o r  s e v e r a l  a l t i t u d e  
condi t ions .  A study of several  ba l loon  soundings i n d i c a t e s  t h a t  
wind g r a d i e n t s  i n  excess  o f  0.1 per  second are  extremely ra re .  
Below 12,000 meters  a l t i t u d e  t h e  maximum wind response e r r o r  of 
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t h e  Jimsphere is less  than 0.2 meters  per second f o r  t h e  h ighes t  
wind g rad ien t  normally expected t o  be encountered (a = O.l / sec) .  
A t  16,000 meters  a l t i t u d e  t h i s  maximum expected wind response e r r o r  
i nc reases  t o  approximately 0.45 meters/second f o r  a O. l /sec wind 
g rad ien t .  It should b e  noted t h a t  the  s t r o n g  wind g rad ien t  con- 
d i t i o n s  a r e  gene ra l ly  encountered only when t h e  a c t u a l  wind veloc-  
i t i e s  a r e  q u i t e  high (10 meters  per second o r  more).  
The e f f e c t s  of Jimsphcre v e l o c i t y  l a g  CV - V on ind ica t ed  
XW xB 
wind g r a d i e n t s  i s  presented i n  Sec t ion  V I I I .  
C. Response Distance 
The response d i s t a n c e  (R) of  a wind senso r  i s  a c h a r a c t e r i s t i c  
c o e f f i c i e n t  of t h e  sensor  comparable t o  a s y s t e m  time cons tan t  
except t h a t  i t  h a s  t h e  dimensions of l e n g t h .  When t h e  wind sensor  
h a s  t r a v e l e d  i n t o  t h e  wind condi t ion  ( s t e p  f u n c t i o n  o r  g r a d i e n t )  
a d i s t a n c e  h-ho = 3 R  i t  w i l l  have a t t a i n e d  95 percent  o f  e q u i l i -  
brium condi t ions .  The response d i s t a n c e  ( R )  of t h e  Jimsphere 
ba l loon  i s  presented  in  Figure 31 a s  a func t ion  of a l t i t u d e .  
D. D i s  t anc e Constant 
The response c a p a b i l i t i e s  of many d i f f e r e n t  types  of 
meteoro logica l  wind sensing in s t rumen t s  a r e  analyzed by  compari- 
son of d i s t a n t  cons t an t s .  For the  Jimsphere t h e  d i s t a n t  cons tan t  
i s  defined a s  t h e  hor izonta l  d i s t a n c e  the Jimsphere t r a v e l s  dur-  
i ng  t h e  time i t  t a k e s  t o  acqui re  63 percent  of the  wind ve loc i ty  
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i t  i s  subjec ted  t o .  The following assumptions are  made: 
1. The wind ve loc i ty  i s  cons t an t .  
2. The Jimsphere is r e s t r a i n e d  and t h e  a i r  f low around 
t h e  sphere eFtabl ished p r i o r  t o  re lease ( t h e  v e l o c i t y  
of t he  J imsphere i s  zero  a t  time ze ro ) .  
3. The Jimsphere is n e u t r a l l y  buoyant and the re fo re  has  
no v e r t i c a l  ve loc i ty .  
The equat ion  of motion f o r  t h e  Jimsphere i s  then: 
= c o n s t a n t ,  V = 0 and equat ion  (1) becomes 
For vxw *W 
2 
(ms+mG+ml >vX = cD+p~CvXw - v 1 
B xB 
S u b s t i t u t i n g  (3) i n t o  (2)  and rear ranging  w e  have 
In t eg ra t ing  equat ion (4)from Vx 
and from X = 0 t o  X and then eva lua t ing  f o r  X a t  s e a  l e v e l  
cond i t ions  and C = 0.75, w e  f i n d  t h a t  
= 0 t o  Vx = 0.63 Vx , 
B B W 
D 
X = 1.83 meters .  
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The Jimsphere d i s t a n t  constant a s  de f ined  above i s  therefore  
1 . 8 3  meters or 6 f e e t .  This means that  the Jimsphere w i l l  a t t a i n  
63  percent of t h e  wind v e l o c i t y  before t rave l ing  a d is tance  equal 
to its  diameter (2-meters) .  
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V I I I .  JIMSPHERE W I N D  GRADIENT ERROR FACTORS - -
A. Def in i t i on  
The Wind Gradient  Error Factor  ( 5 ' ~ )  is  def ined  a s  t h e  r a t i o  
of t he  Wind Gradient  t o  t h e  ve loc i ty  g r a d i e n t  of t h e  ba l loon  over  
t h e  same a 1  t i  tude i n t e r v a l  . 
Wind Velocity Gradient  
Balloon Velocity Gradient Wind Gradient Er ror  Factor ( E , )  = 
The Wind Velocity Gradients  and t h e  Balloon Veloci ty  Gradien ts  
are determined by the  d i f f e r e n c e s  in  the  wind v e l o c i t i e s  and ba l loon  
v e l o c i t i e s  a t  t h e  beginning and end of t h e  a l t i t u d e  i n t e r v a l  under 
cons ide ra t ion .  
vxw2 - VXWl 
h2 - hl Wind Gradient  = 
'XB - 'XBl 
Balloon Veloci ty  Gradient (u,) = 
h2 - h l  
B. Use o f  Wind Gradien t  Error Factors  --- -
Under p re sen t ly  used da ta  reduct ion  methods (Reference 3) t h e  
ve loc i ty  g r a d i e n t  of t h e  bal loon a s  determined by r a d a r  t r a c k  i s  
considered e s s e n t i a l l y  t h a t  o f  t h e  wind. Th i s  is n o t  exact  
because of the wind response e r r o r  or v e l o c i t y  l a g  of the  ba l loon  
t o  t h e  wind. 
To e s t i m a t e  what t h i s  e r r o r  i n  ind ica t ed  wind g r a d i e n t  might 
be ,  we have ca l cu la t ed  Wind Gradient  Er ror  Fac to r s  for var ious  
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p o s s i b l e  wind g r a d i e n t  condi t ions  a s  i l l u s t r a t e d  i n  F igure  32. 
The assumption is made t h a t  the wind g r a d i e n t s  are cons tan t  over 
t h e  a l t i t u d e  i n t e r v a l s  of i n t e r e s t .  
For wind g rad ien t  condi t ions exemplified by Case I i n  Figure 
32 t h e  ba l loon  ve loc i ty  gradient  i n  a l t i t u d e  i n t e r v a l  hl t o  h2 i s  
of  oppos i te  d i r e c t i o n  b u t  of sma l l e r  magnitude than t h e  g rad ien t  
of i n t e r v a l  ho t o  hl. A t  t h e  end of t h e  a l t i t u d e  i n t e r v a l  ho t o  
hl t h e  Jimsphere v e l o c i t y  w i l l  be  l e s s  than the  wind v e l o c i t y  and 
a t  the  end of t he  i n t e r v a l  hl t o  h 
g r e a t e r  than t h e  wind v e l o c i t y .  The r e s u l t  is t h a t  t h e  v e l o c i t y  
- e rad ien t  of t h e  baxlooq, a s  de f ined  by equat ion (21, over  i n t e r v a l  
the  Jimsphere v e l o c i t y  i s  2 
h t o  h i s  much l e s s  than t h e  a c t u a l  wind g rad ien t  and t h e  appro- 
p r i a t e  Wind Gradient  Error Factor  < E , >  must b e  appl ied  t o  t h e  
observed bal loon g rad ien t  to o b t a i n  the  c o r r e c t  wind g r a d i e n t .  
It should b e  noted h e r e  t h a t  t he  Wind Gradient E r ro r  Factor  is 
one ( k ,  = 1.0) when t h e r e  is no e r r o r  in  ind ica t ed  wind a s  exemp- 
l i f i e d  by Case 5 of Figure 32. 
1 2 
Observations of t he  wind p r o f i l e  d a t a  s h e e t s  from f l i g h t  tests 
of the Jimsphere i n d i c a t e  t h a t  ac tua l  changes i n  wind g r a d i e n t s  
between a l t i t u d e  i n t e r v a l s  is u s u a l l y  i n  t h e  ranges  exemplif ied 
by Cases 4 and 6 of Figure 32. In such i n s t a n c e s  t h e  c o r r e c t i o n s  
needed a r e  s m a l l  and it i s  a v e r y  good assumption t h a t  t he  v e l o c i t y  
g rad ien t  of the ba l loon  i s  e s s e n t i a l l y  t h a t  o f  t h e  wind. If a 
wind p r o f i l e  i n d i c a t e s  a l a r g e  change i n  v e l o c i t y  over a s h o r t  
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i n t e r v a l  t h e  Wind Gradient  Error Fac to r s  presented  h e r e  may be 
used t o  e s t i m a t e  how much g r e a t e r  t h e  ac tua l  change i n  wind grad- 
i e n t  may have been. It should be noted  t h a t  v e l o c i t i e s  p re sen ted  
i n  wind p r o f i l e s  are  averages ove r  i n t e r v a l s  (Reference 3 )  and 
f o r  t h i s  reason  a re  not  necessa r i ly  i n d i c a t i v e  of  constant  wind 
g rad ien t s .  The Wind Gradient Error Fac to r s  presented he re in  were 
e s t ab l i shed  f o r  cons tan t  wind g r a d i e n t s  over t h e  a l t i t u d e  i n t e r v a l s  
i nd ica t ed .  F igures  33 t o  37 present  Wind Gradient  Error Fac to r s  
f o r  a l t i t u d e  i n t e r v a l s  of 25, 50, 100, 200, and 300 meters .  
It  can be seen  by examination of t he  above mentioned f i g u r e s  
t h a t  t h e  Wind Gradient  Error Fac to r s  become q u i t e  i n s i g n i f i c a n t  
f o r  a l t i t u d e  i n t e r v a l s  of 100 meters or more, e s p e c i a l l y  a t  t h e  
a l t i t u d e s  less than 14,000 meters. 
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IX. SUMMARY AND CONCLUS IONS 
The Engineering Development of Jimspheres having s u r f a c e  roughness 
elements molded i n t o  t h e  s u r f a c e  of t h e  sphere  i n d i c a t e d  t h a t :  
1. 
2. 
Roughness elements of t runca ted  cone o r  f u l l  con ica l  shape can 
be molded i n t o  t h e  metalized Mylar m a t e r i a l  b y  convent iona l  
drape  forming methods. 
An i n c r e a s e  i n  he igh t  o r  s u r f a c e  a rea  of a roughness element 
r e q u i r e s  a d d i t i o n a l  spacing of t h e  elements t o  a l low forming 
i n t o  t h e  Mylar ma te r i a l .  
3imspheres having 2-, 3-, and 4-inch h igh  roughness elements molded 
i n t o  the s u r f a c e  were f a b r i c a t e d  and f l i g h t  t e s t e d .  I n  add i t ion , J imspheres  
having 100 and 200 gram added weights were f l i g h t  t e s t e d .  These f l i g h t  
t es t s  i n d i c a t e d  t h a t :  
1. An inc rease  i n  the  number o f  roughness elements on t h e  s u r f a c e  
of t h e  sphere  i n c r e a s e s  t h e  aerodynamic s t a b i l i t y  of t h e  J i m -  
sphere  i n  f l i g h t .  
2. An inc rease  i n  t h e  height of t h e  roughness elements on t h e  s u r -  
f a c e  of t h e  sphere  inc reases  t h e  aerodynamic s t a b i l i t y  of t h e  
Jimsphere i n  f l i g h t .  
3. Addi t ion  of a s m a l l  mass a t  a p o i n t  on t h e  sphere d e c r e a s e s  
ro ta t ic in  arid impreves aerodynamic s t a b i l i t y .  
A j o i n t  a n a l y s i s  of t h e s e  Jimsphere f l i g h t  r eco rds  by Sch je ldah l  
personnel and M r .  James Scoggins of Marshall  Space F l i g h t  Center i n -  
d i c a t e d  t h a t  a Jimsphere having the  maximum p o s s i b l e  number of t h r e e -  
i nch  h igh  con ica l  roughness elements and a 100 gram added weight (poin t  
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m a s s )  provided t h e  g r e a t e s t  aerodynamic s t a b i l i t y  dur ing  f l i g h t .  Th i s  
Jimsphere des igna ted  a s  Model 3-7.5-398F w a s  s e l e c t e d  a s  the optimum 
configurat ion of  t hose  t e s t e d  and sub jec t ed  t o  f u r t h e r  a n a l y s i s  and 
t e s t i n g  . 
Wind tunnel  tes ts  of a model Jimsphere e s t a b l i s h e d  a Drag Coeffi- 
c i e n t  versus  Reynolds number curve d i f f e r e n t  than  t h e  c l a s s i c a l  d rag  
curve of a smooth sphere.  Analysis o f  Jimsphere f l i g h t  d a t a  i nd ica t ed  
t h a t  t h e  drag  c o e f f i c i e n t  of a f u l l  s i z e  Jimsphere i n  f l i g h t ,  a t  super- 
c r i t i c a l  Re ,  is nea r ly  double tha t  o f  a model subjected t o  wind tunnel  
t e s t i n g  . 
Apparent m a s s  t es t s  determined t h a t  t he  apparent  m a s s  f a c t o r  f o r  
a Jimsphere i s  only s l i g h t l y  d i f f e r e n t  than the  t h e o r e t i c a l  va lue  of 
apparent  m a s s  f o r  a smooth sphere.  
Theore t i ca l  a n a l y s i s  of t h e  Jimsphere r e v e a l  t h a t :  
1. ,The l a g  d i s t a n c e  of the Jimsphere v e l o c i t y  p r o f i l e  t o  t h e  
wind p r o f i l e  is independent of apparent m a s s  e f f e c t s .  
2. The l a g  d i s t a n c e  of the Jimsphere i s  l e s s  than one meter 
below 6000 meters  a l t i t u d e  and l e s s  than two meters  (one 
ba l loon  d i a m e t e r )  below 13,000 meters  a l t i t u d e .  
3 .  The Jirnsphere distant cons tan t  a t  s e a  l e v e l  cond i t ions  i s  
l e s s  than  one ba l loon  d i a m e t e r  . 
4. Veloci ty  g r a d i e n t s  a s  determined from t r a c k  of the Jimsphere 
Wind Sensor a r e  near ly  i d e n t i c a l  t o  wind g r a d i e n t s  except 
for cond i t ions  of  l a r g e  r e v e r s a l s  i n  wind g r a d i e n t .  
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The Jimsphere Wind Sensor Balloon i s  a very s e n s i t i v e ,  h i g h l y  
accurate system for a t t a i n i n g  wind v e l o c i t y  and wind gradient measure- 
ments i n  t h e  atmosphere between sea l e v e l  and approximately 18,000 
meters a l t i t u d e .  
G .  T .  Schjeldahl  Company F i n a l  Report -63- 
LIST OF REFERENCES 
1. Scoggins,  James R.  , "Aerodynamics of  Sphe r i ca l  Balloon Wind 
Sensors". Journa l  of Geophysical Research, Volume 69, pp. 
591 - 598, 1964. 
2. Scoggins, James R . ,  "Spherical  Balloon Wind Sensor  Behavior". 
Paper presented a t  t h e  American Meteorological  Soc ie ty  Meeting, 
A t l a n t i c  C i t y ,  New J e r s e y ,  March 1964. Jou rna l  of Applied 
Meteorology, January 1965. 
3. Scoggins,  James  R . ,  "An Evaluat ion of  D e t a i l  Wind D a t a  a s  Measured 
b y  t h e  FPS-16 Radar/Spherical Balloon Technique". Report MFT-AERO- 
62-38, NASA Marshall  Space F l i g h t  Center ,  Hun t sv i l l e ,  Alabama,  
Apri l  20, 1962. 
4 .  A t l a n t i c  M i s s i l e  Range Reference Atmosphere f o r  Cape Kennedy, F lor -  
i d a ,  ( P a r t  11, Inter-Range Ins t rumenta t ion  Group of  t h e  Range 
Commanders Council ,  I R I G  Document 104-63, September 1963. 
5 .  Eckstrom, C. V., "Research and Development of Rig id ,  Ris ing ,  Radar 
Ref l ec t ive  Balloons", Volume 11, Balloon Design, F i n a l  Report on 
Contract AF 19 (6281-2993, J u l y  1963. 
6 .  MacCready, J r . ,  Paul E. and EIenry R.  Jex,"Study of Sphere Motion 
and Balloon Wind Sensors", NASA TMX-53089, J u l y  27, 1964. 
Research and Development of Rigid R i s ing  Radar Ref l ec t ive  Bal loons,  
Volume I "The Wind Response Error  of an Ascending Balloon Under 
Consider a t i o n  o f  Apparent Mass", G. T. Sch je ldah l  Company, North- 
f i e l d ,  Minnesota, F ina l  Report on Contract  AF 19(628)-2393. 
7. 
G. T. Sch je ldah l  Company F i n a l  Report -68- 
8 .  Johnston, K. D . ,  Response of Spher ica l  Bal loons t o  Wind G u s t s ,  
Memorandum M-AERO-A-12-62, 'NASA Marshall  Space F l i g h t  Center ,  
Hun t sv i l l e ,  Alabama, March 5, 1962. 
9.  Reed 111, Wilmer H. ,  "Dynamic Response of R i s ing  and F a l l i n g  
Wind Sensors  wi th  Applicat ions t o  Est imates  of Wind Loads on 
Launch Vehicles",  NASA TN D-1821, October 1963. 
10. Pope, Allen,  "Wind Tunnel Testing",  John Wylie and Sons, Inc . ,  
New York, New York, 1954. 
G. T. Schje ldahl  Company F ina l  Report -69- 
APPENDIX A 
Vertical rate of r ise  data from f l i g h t s  8962, 8920, 8940, 8959, 
8960, 8964, 8966, 8967, 8968111 8970 of Jimspheres Model 3-7.5-3981: 
during December 1964 a 
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APPENDIX B 
DWIVATION OF THE EQUATION FOR JIMSPHERE 
WIND RESPONSE ERROR 
The Wind Response Error i s  def ined  a s  t h e  d i f f e r e n c e  i n  h o r i z o n t a l  
ve loc i ty  between t h e  wind and the ba l loon  (V - V 1. The magnitude 
of the  wind response e r r o r  can be determined from a s o l u t i o n  of t h e  
‘w xB 
equat ions  of motion f o r  t h e  balloon. 
X (horixont  a 1  1 
These equa t ions  of motion a re :  
The fol lowing assumptions are necessary: 
1. The wind g r a d i e n t  is cons tan t  over t h e  a l t i t u d e  i n t e r v a l  
under cons i d er a ti on. 
2. The w i n d  g r a d i e n t  is not of such magnitude t o  cause a change 
i n  t h e  ba l loon  ascent  r a t e  (a = 0.28 per second or less).  
(Reference 8:) 
P.ssm.ir?g t h a t  t he  v e r t i c a l  r i s e  r a t e  (V does not  change (as s t a t e d  
i n  assumption 21, then  V = 0 and equat ion  (2) s i m p l i f i e s  t o :  
ZEI 
zB 
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Subotituting equation (3 )  i n t o  equation (1) we now have: 
For conrtant wind gradiont I (arrumption 1) 
dV, 
i n  addition 
8ubr t i tu t in l  equatienr ( 5 ) ,  (6) and (7 )  into equation (4) and rearrani- 
in8 ws have I dif ferent ia l  equation eP the form 
a = ap 
S o t t i q  tho r iaht  hand eide ef eqwatien (8 )  equal t e  mte tqaultr  i n  
the homogonoour oquatien 
t% + PvXB Q 
Q b  T b  SchJaldahl Company Pinal Report 
(13) 
-75 
-P(h-ho) 
"B = K1e 
A s o l u t i o n  for t he  inhomogeneous equat ion ( 8 )  is: 
V x  = K2(h-ho) + K 3  = K2h - K2ho + K3 
B 
B 
dVX 
K2 
- =  
dh 
K + P K2(h-ho) + K3 = Q + Zh 
2 t 7  
(16) 
(17) 
Adding the homogeneous and inhomogeneous equat ions  (14) and (20) g ives  
- ,-P(h-h0) + z ( h )  + Q - '" - 
1 P P 
For the genera l  case where: Vx = 0 when h = ho 
B 
Z Q - Z/P K 1  = Vx - - 
BO P ho - P 
and equat ion  (21)  i s  now 
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APPENDIX C 
I 
STUDY OF MODIFIED SPHERES --
A s tudy  o f  Jimsphere f l i g h t  t e s t  movies by NASA/MSPC personnel  
r e s u l t e d  i n  t h e  observa t ion  t h a t  ho r i zon ta l  displacements  of t h e  ba l loon  
were usual2y accompanied by a r o t a t i o n  of t h e  sphere ,  
i nd ica t ed  the sphere  r o l l e d  i n  t h e  d i r e c t i o n  of ho r i zon ta l  movement. In 
The obse rva t ions  
an e f f o r t  t o  i nc rease  the s t a b i l i t y  of t he  Jimsphere and prevent  r o t a t i o n ,  
b a l l a s t  weights  were added t o  the  load patch of t h e  sphere.  B a l l a s t i n g  
d i d  reduce sphere r o t a t i o n a l  and ho r i zon ta l  movements, however some sphere 
r o t a t i o n  s t i l l  ex i s t ed .  B a l l a s t  weights of 100 t o  200 grams were testd. 
A b a l l a s t  weight of 100 grams appeared t g  provide t h e  bes t  o v e r a l l  per- 
formance and w i i s  s tandard ized .  The basic weight of t h e  Jimsphere without 
b a l l a s t  is  approximately 300 grams. 
In an effort t o  l e a r n  more about sphere induced motion problems and 
sphere r o t a t i o n ,  a s e r i e s  of experimental  spheres  were f a b r i c a t e d  and 
f l i g h t  t e s t e d .  Movie records  were made of t he  f l i g h t s  and s tandard  
Jimspheres were flown with the  experimental  spheres  f o r  r e fe rence  
pur poses  . 
The f irst  type experimental  sphere  f a b r i c a t e d  is shown i n  Figure 38. 
It w a s  a n t i c i p a t e d  t h a t  t h e  Jimsphere gores  would genera te  more drag  
than  the  smooth gores  and t h e  sphere would t r a v e l  through the  a i r  w i t h  
t h e  smooth hemisphere up. A l l  valves ,  t h e  load pa tch ,  and t h e  b a l l a s t  
weight a r e  loca ted  a t  t h e  intended bottom of t h e  sphere.  Visual obser- 
v a t i o n  of t h e  f l i g h t  i nd ica t ed  t h a t  t he  sphere would r o t a t e  about a 
h o r i z o n t a l  axis  a s  much a s  60 degrees and review of t he  motion p i c t u r e s  
G. T. Schje ldahl  Company F i n a l  Report -77- 
confirmed t h i s .  
A second type  experimental  sphere ,  a s  shown i n  F igures  39 and 40, 
was then  f a b r i c a t e d .  Th i s  sphere has s i x  very l a r g e  p r o j e c t i o n s ,  l oca t ed  
one each on every o the r  gore. 
midway between t h e  equator  of  t h e  sphere and the  lower end cap. 
conf igura t ion  d i d  e l imina te  r o l l  about t h e  a x i s  of f l i g h t ,  bu t  d i d  not 
e l imina te  r o t a t i o n  about t he  h o r i z o n t a l  axis. 
The po in t  of t h e  p ro jec t ion  i s  loca ted  
T h i s  
The t h i r d  experimental  sphere f a b r i c a t e d ,  incorporated r e g u l a r  
Jimsphere go res  and s i x  l a r g e  p ro jec t ions  of t h e  type shown i n  F igure  41. 
A photo of the f a b r i c a t e d  sphere  is shown i n  Figure 42. 
a i r  f low o f f  the  t i p s  of t h e  l a r g e r  p r o j e c t i o n s  would s t a b i l i z e  t h e  a i r  
f low i n  t h e  wake of the  sphere.  
It w a s  hoped t h a t  
A f o u r t h  experimental  sphere,  shown i n  F igure  43, was a l s o  f a b r i c a t e d .  
The purpose of t he  t u b u l a r  ex tens ions  on the a f t  s u r f a c e  is t o  a l low a i r  
f low t o  become a t tached  t o  these  secondary s t r u c t u r e s  and then  form 
ind iv idua l  wakes. T h i s  experimental ,  modified Jimsphere seemed s t a b l e  
i n  f l i g h t .  However, because t h e  t u b u l a r  s t r u c t u r e s  were a l s o  i n s l a t e d  
wi th  helium, t h e  u n i t  w a s  not c o r r e c t l y  balanced and had a tendency t o  
f l o a t  about 45 degrees  t o  90 degrees from v e r t i c a l  and i n  one case  even 
inve r t ed  i n  f l i g h t .  
None of t h e  modifiedJimspherasperformed a s  w e i i  a s  t he  s tzndard  
Jimspheres prev ious ly  tested and i n  some ins t ances  cons iderable  s p i r a l  
motion was no t i ceab le  f o r  t h e  modified Jimspheres.  
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Figure 40. lotton V i e w  of Experimentel Snooth Sphere with Six Rxtra L8rgc Projections. 
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